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ABSTRACT
There is a subclass of the X-ray jets from young stellar objects which are
heated very close to the footpoint of the jets, particularly DG Tau jets. Previous
models attribute the strong heating to shocks in the jets. However, the mecha-
nism that localizes the heating at the footpoint remains puzzling. We presented
a different model of such X-ray jets, in which the disk atmosphere is magnetically
heated. Our disk corona model is based on the so-called nanoflare model for the
solar corona. We show that the magnetic heating near the disks can result in
the formation of a hot corona with a temperature of & 106 K even if the average
field strength in the disk is moderately weak, & 1 G. We determine the density
and the temperature at the jet base by considering the energy balance between
the heating and cooling. We derive the scaling relations of the mass loss rate and
terminal velocity of jets. Our model is applied to the DG Tau jets. The observed
temperature and estimated mass loss rate are consistent with the prediction of
our model in the case of the disk magnetic field strength of ∼ 20 G and the
heating region of < 0.1 au. The derived scaling relation of the temperature of
X-ray jets could be a useful tool to estimate the magnetic field strength. We also
found that the jet X-ray can have a significant impact on the ionization degree
near the disk surface and the dead-zone size.
Subject headings: protoplanetary disks — stars: winds, jets — magnetic reconnection
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1. INTRODUCTION
Bipolar outflows and jets are one of the most outstanding manifestations of the young
stellar objects (YSOs). Outflows and jets are believed to play important roles in the stellar
and disk evolution through the removal of mass and angular momentum from the system
(Blandford & Payne 1982; Ustyugova et al. 1999; Dullemond et al. 2007; Frank et al. 2014),
which have motivated many theoretical studies. Our common understanding is that a
magnetic field is essential for accelerating and collimating the flows.
Fast jets often produce X-rays, and the X-ray emission has been often attributed to
the shock heating. The most prominent example is the Herbig-haro objects that contain
shock-heated plasma at or near the bow shock regions (e.g. HH2; Pravdo et al. 2001). Since
the shock temperature can be expressed as T ≈ 1.5×105(vshock/100 km s−1)2 K, where vshock
is the shock jump speed (Raga et al. 2002), the typical jet speed of a few hundreds km s−1
(e.g. Ray et al. 2007) can result in the formation of X-ray emitting MK plasma through the
collision with the surrounding material. A distinct example is L1551 IRS 5, which shows
X-ray emission near the jet base (∼100 au from the central star, Bally et al. (2003)). To
account for the X-ray emission, different shock formation processes near the base and in the
jet have been discussed (Bally et al. 2003; Bonito et al. 2010).
Gu¨del et al. (2005, 2008) discovered a spatially resolved bipolar X-ray jet from DG
Tau, one of the best-studied classical T-Tauri stars (CTTSs). Chandra high-resolution
X-ray images revealed the jet axis is coincident with the optical jet axis. The apparent
length is ∼ 5′′ ≈ 700 au (the distance of 140 pc is assumed). The X-ray jets are different
from a typical X-ray source HH X-ray jets which are often seen at or near the bow shock
regions (e.g. HH2). It is found that the jet can be followed down into the point spread
function (PSF) of DG Tau (< 0.1 − 0.2′′ ≈ 30 au), suggesting the heating very close to the
central star. The mass loss rate is estimated to be 1.3×10−11M⊙ yr−1 (Schneider & Schmitt
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2008). The inner jet spectra are softer than the stellar spectra, with a best-fit electron
temperature of ∼3 MK, while the hard component from the star has a temperature of
>20 MK. The hard component is highly time variable, showing the flaring activity in the
stellar corona. However, the soft X-ray emission from the inner jet or the jet base in the
PSF remains steady and stationary over six years (Gu¨del et al. 2011). This suggests that
the X-ray jet may not be originated from the star and a continuous heating is operating
near the jet base, although the pulsed jet scenario of Bonito et al. (2010) may explain
the apparent steady emission. The soft X-ray luminosity of the DG Tau X-ray jets is
estimated to be ∼ 1028−29 erg s−1, which is not negligible compared to the stellar X-ray
luminosity, ∼ 1030 erg s−1 (Gu¨del et al. 2008). Schneider et al. (2011) analyzed a similar
soft X-ray source in the L1551 IRS 5 jet (see also Favata et al. (2002); Bally et al. (2003);
Bonito et al. (2011)). RY Tau and RW aur also show soft X-rays that could be related to
jets (Skinner & Gu¨del 2014; Skinner et al. 2016).
Observations raise a fundamental question about the origin of the DG Tau X-ray jets.
Although shock heating may be relevant (e.g. Bonito et al. 2010), a very large shock jump
speed of 450 km s−1 is required to produce the observed 3 MK temperature. The jet of
L1551 IRS5 showed a 500 km s−1 high-speed component near the outer X-ray emitting
region, supporting the shock heating scenarios (Fridlund et al. 2005), but not around the
inner jet (Pyo et al. 2009). Such a high velocity component is not always observed and has
not been detected yet for the DG Tau jets (Lavalley-Fouquet et al. 2000; Rodr´ıguez et al.
2012). Optical forbidden emission line and far-ultraviolet observations favor the presence of
slower shocks with a speed of 50− 100 km s−1 for the DG Tau jets (Lavalley-Fouquet et al.
2000; Schneider et al. 2013b). Multiple shock heating may resolve the problem (Bonito et al.
2010; Staff et al. 2010), but the shock heating models based on (M)HD simulations need
more development, because they do not self-consistently include key physics that identifies
the injection speed, the time-variability, and the acceleration mechanisms of jets. The shock
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formation by the recollimation of stellar winds has been proposed (Gu¨nther et al. 2014),
but it is unclear if the highly time-dependent stellar wind disturbed by the stellar flaring
activity (e.g. Schwenn 2006) can form steady and stationary shocks. The gradual increase
of the luminosity of the jet base reported by Gu¨del et al. (2011) is inconsistent with this
idea of the cooling remnants (Schneider et al. 2013b). Further investigations on the heating
process are necessary.
Large scale X-ray sources from jets can affect the protoplanetary disks. Soft X-rays
can efficiently drive a photoevaporation wind from the disk (e.g. Gorti et al. 2009;
Ercolano et al. 2009). Vertically injected X-rays from jets can also raise the ionization
degree of a large fraction of the protoplanetary disk, which can alter the accretion structure
in the disk e.g. by inducing the magneto-rotational instability (MRI) or by suppressing
the non-ideal magnetohydrodynamic (MHD) effects. The faint and fine X-ray structures
like the DG Tau X-ray jets should be hard to detect because of attenuation, but there is
a possibility that many YSOs have such X-ray sources. If this is the case, one needs to
consider the effects when modeling the system.
The observable property of jets, such as the mass loss rate, depends on the acceleration
mechanism. Therefore, one has to consider not only the heating but the acceleration
mechanisms for better comparison between theoretical models and observations. It has
been well-known that a magnetic field plays important roles in accelerating jets in different
ways (Blandford & Payne 1982; Shibata & Uchida 1986; Kudoh & Shibata 1995). The gas
pressure may become important in some cases (Takahara et al. 1989). In this paper, we will
consider the possible role of a magnetic field in heating the plasma at the base of jets, and
determine the jet property on the basis of theories of jets.
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2. SPECIFYING DENSITY AND TEMPERATURE OF BASE OF MHD
JETS
The mass loss rate of jets, an important quantity that characterizes jets, is determined
by the physical property at the jet base. A physically meaningful definition of the jet base is
the slow point, where the slow point is the location where the jet velocity reaches the MHD
slow-mode speed (Sakurai 1985; Pudritz & Norman 1986; Kudoh & Shibata 1997). The
energy balance and the mass loading across the jet base determine the physical property
there. However, these processes have not been investigated in detail in the previous global
jet models. We aim to specify the jet base condition.
2.1. Basic Assumptions of Jet Base Heating
The disk surface layer is expected to be unstable to MRI because of the sufficient
ionization by cosmic rays and stellar irradiation (Turner & Sano 2008). The MRI-driven
stretching and shearing motions will amplify magnetic energy in the disk. The amplified
magnetic fields will eventually become buoyant, which will lead to the formation of
rising magnetic loops (the Parker instability or magnetic buoyancy instability (Parker
1966)). The magnetic energy supply by rising loops will result in the formation of a
magnetically-dominated corona above the disk. The release of this magnetic energy affects
the atmospheric structure.
Hirose & Turner (2011) performed a 3D radiation-MHD simulation and suggested that
magnetic energy dissipation in the upper disk occurs around the current sheets formed
between rising loops and azimuthal ambient field lines. At such current sheets, magnetic
reconnection will be a central energy release mechanism (see Figure 1). Io & Suzuki (2014)
showed that magnetic heating can form a hot corona above a disk with the specific heat
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ratio of > 1.1. Such a condition will be satisfied in the inner disk because the opacity is
sufficiently high owing to the large density. For these reasons, we consider that magnetic
heating will be important for determining the thermal structure. Here we focus on the
heating by magnetic reconnection, although other magnetic heating processes such as the
Alfve´n wave heating may also contribute to the heating. This means that we utilize the
idea of the nanoflare heating by Parker (1988).
We first estimate the heating rate in the disk atmosphere. The successive formation
of magnetic loops is a consequence that the escape and amplification of a magnetic field
repeatedly occur from and in the disk, respectively. We take the escape timescale to be the
timescale of the magnetic buoyancy, namely the growth timescale of the Parker instability,
although there is a possibility that the amplification determines the escape timescale. The
amplification timescale is similar to the rotational timescale because MRI or the rotational
shear should be the major amplification mechanism. Since the former timescale is quite
longer than the latter timescale, we consider that the energy injection timescale is governed
by the growth of the Parker instability:
ωP ≈ 0.3vA/Hdisk ∼ 0.2β−1/2disk Ω, (1)
where vA is the Alfve´n speed in the disk, Hdisk =
√
2adisk/Ω is the pressure scale height, Ω
is the Keplerian angular velocity, and βdisk is the plasma beta in the disk (the ratio of the
gas pressure to the magnetic pressure). adisk =
√
γRgTdisk is the sound speed in the disk,
where Rg is the gas constant and Tdisk is the disk temperature.
Magnetic reconnection will release only a fraction of the magnetic energy supplied by
the rising loops because the reconnection field lines will not be perfectly antiparallel (see
Figure 1. Such magnetic reconnection is observed in the solar atmosphere: Cirtain et al.
(2013)). Therefore, using a constant nondimensional parameter f (0 < f < 1), we express
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the heating rate per unit volume as
EH = f
B2φ
8pi
ωP ≈ 0.2f
γ
β
−3/2
disk Ωa
2
diskρdisk. (2)
Considering MHD simulation results (e.g. Hawley et al. 1995; Matsumoto & Tajima 1995;
Sano & Inutsuka 2001), we assume that the azimuthal component of the magnetic fields
Bφ is commonly much greater than the poloidal component in the disk. The typical
reconnection angle between the horizontal and vertical components should be neither very
close to 0 nor very close to pi/2. For this reason we take f = 0.1 as a fiducial value. The
choice of f = 0.1 means that the typical reconnection angle is approximately θ = pi/5 and
the magnetic energy of the reconnection field is B2 sin2 (θ/2)/8pi ≈ 0.1B2/8pi.
For a fully ionized and tenuous plasma such as the solar corona, the heat conduction
will be the most dominant cooling process. We a priori assume that a hot, fully ionized
corona is formed above the disk as a result of the magnetic heating. This assumption
should be checked when we apply this model to a specific object. The conduction cooling
rate per unit volume can be expressed as ∂Fhc/∂s ≈ κSPT/L2 = κ0T 7/2/L2, where Fhc is
the heat conduction flux, T is the temperature, and s is the spatial coordinate along a field
line. κSP = κ0T
5/2 is the Spitzer conductivity (Spitzer 1962), where κ0 is a constant and
∼ 10−6 in cgs units. L is a typical length scale. We take the loop length as the length L, as
in Parker (1988), and the loop length as the wavelength of the Parker instability with the
maximum growth rate, λP. Then, we get
∂Fhc
∂s
≈ κSPT
λ2P
≈ κ0T
7/2
λ2P
. (3)
2.2. Scaling Relations of Physical Quantities of Jet Base
We derive scaling relations of physical quantities of the jet base. Considering that
hotter jets generally emanate from the region closer to the central star than cooler jets (e.g.
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Bacciotti et al. 2000; Schneider et al. 2013a), we expect that X-ray jets are originated from
the inner disk region. As a typical inner disk model, we adopt the following viscous disk
model. The disk temperature Tdisk and density ρdisk are written as
Tdisk = T0
(
r
r0
)−3/4
(4)
ρdisk = ρ0
(
r
r0
)−15/8
(5)
where r is the radius from the central star (Kusaka et al. 1970). The Keplerian rotation
(Ω ∝ r−3/2) is assumed. The typical inner disk radius r0, temperature T0, density ρ0, and
stellar mass are taken from observations of DG Tau. Gu¨del et al. (2007) estimated the
stellar mass as 0.9 − 1.8M⊙, and therefore we take 1M⊙ as the fiducial stellar mass. On
the basis of near-infrared observations (Akeson et al. 2005), we take 0.1 au and 103 K as
an inner disk radius and the temperature, respectively. This radius is consistent with the
corotation radius (Bouvier et al. 1993). The typical density at the radius is estimated from
the observed mass accretion rate. The density and the accretion rate are related by the
relation M˙ ≈ 4pir0vrhρ0, where r0 = 0.1 au, vr is the accretion velocity, h is the pressure
scale height at the radius r0. In an α-viscous disk model, vr/vK ≈ α(adisk/vK)2. Using
M˙ ≈ 10−7 − 10−6 M⊙ yr−1 (White & Ghez 2001; White & Hillenbrand 2004) and α = 0.01
(Guilloteau et al. 2011), we get ρ0 ≈ 10−9− 10−8 g cm−3. Here we adopt ρ0 = 10−8 g cm−3.
From Equation 4 and 5, we obtain the magnetic field strength (≈ Bφ,disk) in the disk:
Bφ,disk ≈ 15 G
(
βdisk
100
)−1/2 ( r
0.1 au
)−21/16
, (6)
where βdisk is the plasma beta in the disk. We take βdisk = 100 as a fiducial value for
MRI-active disks, following recent global MHD simulations (e.g. Suzuki & Inutsuka 2014).
We consider that the reconnection heating is balanced by the heat conduction cooling.
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The balance equation EH = ∂Fhc/∂s gives
f
B2φ,disk
8pi
ωP =
κ0T
7/2
c
λ2P
, (7)
where Tc is the disk coronal temperature. Using the expression of λP ≈ 10Hdisk =
10
√
2adisk/Ω, we obtain the average temperature from this relation:
Tc ≈
(
40f
κ0γ
)2/7
β
−3/7
disk Ω
−2/7a
8/7
diskρ
2/7
disk (8)
≈ 3.4× 106 K
(
f
0.1
)2/7(
M∗
M⊙
)−1/7(
βdisk
100
)−3/7 ( r
0.1 au
)−15/28
, (9)
where M∗ is the stellar mass.
We estimate the density of the hot corona ρc by using the so-called RTV scaling law
(Rosner et al. 1978), which is derived from the energy balance between the heating and the
radiative and the conductive cooling: Tc ≈ cRTV(pcl)1/3 or equivalently
ρc ≈ µc−3RTVR−1g T 2c l−1, (10)
where cRTV is a constant determined by the atomic physics (cRTV ≈ 1.4×103), pc = ρcRgTc/µ
is the coronal gas pressure, and l is the loop length. Note that the RTV scaling is based on
the atomic physics and the physics of heat conduction. Because of this universality, this
relation has been applied to different systems such as the hot gas of the central regions of
clusters of galaxies (Makishima et al. 2001). Taking l = λP and using Equation 9, we obtain
ρc ≈ µ
10
√
2c3RTVRg
(
40f
κ0γ
)4/7
β
−6/7
disk Ω
3/7a
9/7
diskρ
4/7
disk (11)
≈ 3.1× 10−17 g cm−3
(
f
0.1
)4/7(
M∗
M⊙
)3/14(
βdisk
100
)−6/7 ( r
0.1 au
)−123/56
(12)
or
nc ≈ 3.7× 107 cm−3
(
f
0.1
)4/7(
M∗
M⊙
)3/14(
βdisk
100
)−6/7 ( r
0.1 au
)−123/56
(13)
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where the mean molecular weight µ is set to 0.5.
As we will see later, the plasma beta at the slow point βs is a key quantity to determine
the mass loss rate and the terminal velocity of the jet. We estimate the plasma beta as
follows. Global MHD simulations by Suzuki & Inutsuka (2014) suggest that the disk plasma
beta and the ratio of the poloidal field strength Bp to the toroidal field strength Bφ are
almost constant in the disk with respect to the radius:
βdisk = const. (14)
Bp/Bφ ≈ 0.1−0.3 ≡ fB (15)
To obtain the coronal poloidal field strength, we assume the relation Bp,s ≈ fBBφ,d. Using
this relation and Equation 6, we get βs:
βs ≈ a
2
c
v2Ap,s
≈ 3.8× 10−3
(
fB
0.3
)−2(
M∗
M⊙
)−1/14(
βdisk
100
)−2/7 ( r
0.1 au
)−3/28
, (16)
where ac =
√
γRgTc is the sound speed in the corona, and the specific heat ratio γ is set to
a lower value than the adiabatic one, 1.1, considering the heat conduction effect (although
the result is not sensitive to the value). vAp,s = Bp/
√
4piρs is the poloidal component of the
Alfve´n speed at the slow point.
A schematic cartoon of our model is presented in Figure 2. Magnetic reconnection
between emerging magnetic loops and ambient fields heats the disk atmosphere, forming a
hot disk corona. The hot plasma flows out as X-ray jets. The driving mechanism of X-ray
jets will be discussed later.
3. Application to X-ray jets of DG Tau
The temperature and mass loss rate of the X-ray jets from DG Tau were estimated
from observations (Gu¨del et al. 2008; Schneider & Schmitt 2008). We will compare these
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results with the quantities predicted by our disk corona model. The disk magnetic field
strength which is required to sustain the hot corona will be investigated.
3.1. Temperature
Gu¨del et al. (2008) found that the X-ray jets and their base have the temperature of
3.4 MK. The disk coronal temperature predicted by our model is similar to the observed
value (Equation 9). The temperature of the jet may decrease due to the expansion and
radiative coolings, but these effects can be negligible under some reasonable conditions.
Both the expansion and radiative coolings depend on the density and the opening
angle of jets θop. Spatial resolution of observations is insufficient to determine the θop, and
it is also difficult to theoretically predict the angle because the opening angle depends on
many factors such as the disk magnetic field distribution. Here we examine whether there
is a reasonable condition in which both effects can be negligible. Let us adopt θop ≈ 0.1
and the jet speed v ≈ 3ac ≈ 108 cm s−1 in the expanding jet region (see also the estimation
of the jet speed in Section 3.2). Then, the density drops by 10−2 (n ≈ 4 × 105 cm−3 from
Equation 13) within 106 s∼ 0.03 yr, which is much smaller than the radiative cooling time
at the disk corona (∼ 0.3 yr). The radiative cooling with the density of 105 cm−3 becomes
important on the timescale of a few years (Gu¨del et al. 2008), which is comparable to the
propagation timescale of the jet over the jet length (700 au). So if the density drops in the
jet as fast as we assume here, we can neglect the radiative cooling effects.
The cooling by expansion can be estimated by T ′/Tc = (r
′/r)2(γeff−1), where T ′ is the
temperature in the expanded jet with the radius of r′ (see also Gu¨del et al. 2008). γeff
is the effective specific heat ratio, and can be close to unity due to the heat conduction.
As a result of the expansion considered above, the temperature will be T ′ ≃ 0.8Tc when
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γeff = 1.05. Therefore, if the opening angle is at such a value, then we may be able to
neglect the expansion cooling.
3.2. Mass Loss Rate
The mass loss rate by the jet M˙ can be expressed as M˙ = (ρAv)s, where ρ is the
density, A is the cross sectional area of the jet, and v is the jet speed. The subscript s
denotes the values at the slow point. The jet speed at the slow point vs depends on the
driving mechanisms: a general classification will be magnetically-driven or thermally-driven.
The jet speed vs is expressed as
vs =


vslow,s (magnetically-driven) ≈


ac (Bφ,s ≪ Bp,s)
ac|Bp,s/Bφ,s| (Bφ,s ≫ Bp,s)
ac (thermally-driven)
(17)
where vslow,s is the MHD slow-mode speed at the slow point, and Bp,s and Bφ,s are the
poloidal and azimuthal components of the magnetic fields at the slow point, respectively
(the expression for the magnetically-driven jets is from Kudoh & Shibata 1995, 1997). Note
that the velocity at the slow point is the projected slow-mode speed along a magnetic
field to the poloidal plane, and the slow-mode speed in the low-beta plasma is similar
to the sound speed. In the upper atmosphere, the magnetic pressure dominates the gas
pressure because the gas pressure decreases more rapidly than the magnetic pressure with
height (see also Equation 16). Therefore, we consider that the magnetic field at the slow
point represents a coherent, nearly force-free magnetic field above the disk, rather than the
disordered disk magnetic field in the MRI-turbulence.
We need to identify the main driving force of the X-ray jets in order to determine
the scaling of the mass loss rate. While in realistic situations both magnetic and thermal
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mechanisms play a role in driving the jets, the terminal velocity is mainly determined by
the dominant force(s). We aim to determine the dominant launching force by comparing
the terminal velocities calculated from different forces. Following this strategy, we will
investigate the mass loss rate later.
We can estimate the terminal velocity v∞ of magnetically-driven jets using the Michel’s
minimum energy solution (confirmed by Kudoh & Shibata (1997)):
v∞ =
(
Ω2Φ2
4piM˙
)1/3
, (18)
where Φ = piBp,sr
2 is the total magnetic flux and M˙ is the mass loss rate of the jet (Michel
1969). M˙ ≈ (ρAv)s, where ρ is the density, A is the cross-sectional area of the jet, and v is
the jet speed.
Using the approximate relation Bp,s/Bφ,s ≈ vAp,s/vK (indicating a steady configuration
of a magnetic field threading a Keplerian disk) and the plasma beta at the slow point
βs ≈ (ac/vAp,s)2, we obtain
v∞ ≈


β
−1/3
s (ac/vK)
1/3vK (Bφ,s ≪ Bp,s)
β
−1/6
s vK (Bφ,s ≫ Bp,s)
(19)
(confirmed by 3D MHD simulations; Kigure & Shibata 2005). The former is the terminal
velocity of the magneto-centrifugal jets, and the latter is of the magnetic pressure gradient
force driven jets. The terminal velocity in the case of the magneto-centrifugal acceleration
will be
v∞ ≈ 940 km s−1
(
βs
3× 10−3
)−1/3(
ac
250 km s−1
)1/3(
vK
100 km s−1
)2/3
, (20)
which greatly exceeds (almost four times larger than) the coronal sound speed
ac ≈ 250 km s−1(Tc/3.4× 106 K)0.5. On the other hand, the terminal velocity in the case of
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the magnetic pressure gradient force acceleration is comparable to ac:
v∞ ≈ 260 km s−1
(
βs
3× 10−3
)−1/6(
vK
100 km s−1
)
. (21)
The above estimation indicates that the most important driving force will be the
magneto-centrifugal force. However, the gas pressure may not be negligible because of its
high temperature (the speed of the thermally driven jets can be larger than the coronal
sound speed but should be of the order of it). For this reason, the X-ray jets is considered
as a warm magneto-centrifugal jet.
We are ready to estimate the mass loss rate M˙ . The density structure in the sub
slow-mode speed region (the region below the slow point) will be well approximated by the
hydrostatic density structure as in the case of stellar winds (Lamers & Cassinelli 1999). The
lack of the information about detailed magnetic field structure prevents us from determining
the slow point location. So for simplicity we take one pressure scale height from the disk as
a typical slow point location. Then, we get ρs ≈ ρc exp (−1) ≈ 0.3ρc. Using A ≈ pir2 and
vs ≈ ac (magneto-centrifugal jet), we obtain
M˙ = (ρAv)s ≈ 0.3ρc · pir2 · ac (22)
≈ 2.5× 10−11M⊙ yr−1
(
f
0.1
)6/7(
M∗
M⊙
)1/14(
βdisk
100
)−9/7 ( r
0.1 au
)43/28
, (23)
which is similar to the observationally estimated mass loss rate (1.3 × 10−11 M⊙ yr−1;
Schneider & Schmitt 2008).
3.3. Magnetic Field Strength in the Disk
There is the threshold of the disk magnetic field strength required to sustain the
MK-temperature corona. If we set f = 0.1 and M∗ = M⊙, Equation 9 gives
βdisk ≈ 100
(
Tc
3.4× 106 K
)−7/3 ( r
0.1 au
)−5/4
(24)
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Using Equations 6 and 24, we calculate the threshold of the field strength. Figure 3 shows
the thresholds of the field strength required to sustain the 1 MK (solid) and 3 MK (dashed)
coronae. We found that only 3.5 G is required at r = 0.1 au to sustain a 1 MK corona.
The spatial resolution of the current observational instruments is insufficient to measure
the field strength in the inner disk region. Our disk corona model could help indirectly
estimating the field strength from the jet temperature Tc and the jet base radius. Using
Equations 6 and 9, we can relate the field strength in the disk to the jet temperature:
Bphi,disk ≈ 15 G
(
f
0.1
)1/3(
Tc
3.4× 106 K
)7/6 ( r
0.1 au
)−11/16
(25)
where we set M∗ = M⊙. From this, the field strength in the disk is expected to be ∼ 15 G.
4. Effect of the X-ray from Jet on the Disk Dead-zone Size
The X-ray photons from the jets will vertically enter the disk to increase the ionization
degree, which can change the size of the dead-zone where MRI no longer operates. We
investigate the effect of X-rays from the jets. For this aim, we adopt the Minimum Mass
Solar Nebula (MMSN) model (Hayashi 1981) as a typical outer disk model (observations
indicate that the DG Tau disk is similar to the MMSN model; Guilloteau et al. (2011)).
T (r) = 280
( r
1 au
)−1/2
K (26)
Σ(r) = 1.7× 103fΣ
( r
1 au
)−3/2
g cm−2, (27)
We set fΣ to 1. Following Guilloteau et al. (2011), T (1 au) ≈ 300 K and fΣ ≈ 2. However,
for better comparison with other studies on the disk ionization degree, we take the above
commonly-used parameter set (e.g. Sano et al. 2000; Mori & Okuzumi 2016).
The ionization sources considered are cosmic rays, radioactive elements, stellar X-rays,
and jet X-rays. The ionization by cosmic rays and radioactive elements are formulated in
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the same way as in Sano et al. (2000). The ionization by X-rays is calculated using the
method given in Glassgold et al. (1997) and Fromang et al. (2002). The recombination
processes considered are the recombination on dust grains and radiative and dissociative
recombination in the gas phase (e.g. Umebayashi & Nakano 1980). The charge reaction on
dust grains mainly governs the charge neutrality (Umebayashi 1983). Using the relations
among the number densities of electrons, molecular ions, and metal ions calculated by
Sano et al. (2000) (see Figure 4 in their paper), we simplify the charge reaction scheme
(see also Suzuki et al. 2010). The dust grain size is assumed to be 0.1 µm. The ionization
degree is given by the steady solution of the rate equation for electrons.
The unresolved central point-spread function of DG Tau obtained by Chandra shows
two separate thermal components: the hard and soft components. Gu¨del et al. (2011)
indicates that the soft component has almost the same absorption column density and the
temperature as the those of a resolved X-ray jets, which suggests that the soft component
originates in the unresolved inner jet. The luminosity of the soft-X-ray component is
LX ≈ 1029 erg s−1, and this luminosity originates within the PSF with the spatial resolution
of ≈ 0.2′′ ≈ 30 au.
There is uncertainty regarding the distance of the most X-ray luminous region in the
inner jet from the central star. Therefore, approximating that the most luminous region is
the point source, we change the distance djet of the source from the central star in the range
of 0 to 30 au as a free parameter without changing the X-ray luminosity of 1029 erg s−1 and
the energy of 0.4 keV (Gu¨del et al. 2008, 2011). In this paper, we will show the three cases
of djet =3 (case 1), 10 (case 2), and 30 au (case 3). We take the case without the jet X-ray
as the reference case.
Following Gu¨del et al. (2008), the stellar X-ray emission has the characteristic energy
of 2 keV, and has the luminosity of 1030 erg s−1. The stellar X-ray source is located near
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the central star (r, z) = (0, 0.05 au) (i.e., 10 R⊙ away from the star).
Figure 4 describes the dead-zone structure in the two different situations. The top
panel shows the ionization degree (normalized by 10−13) of the reference case where the jet
X-ray is not considered. The bottom panel exhibits the case with the jet X-ray from the
distance of 3 au ((r, z) =(0, 3 au), case 1). The black lines denote the one pressure scale
height. We introduce two parameters to indicate the MRI-active/inactive regions. One is
the critical height zc =
√
ln βdisk/4pi2Hdisk (yellow lines) which arises from the requirement
that the characteristic MRI unstable wavelength in the ideal MHD limit should be smaller
than the pressure scale height. MRI can only occur below this height. The other is the
Elsa¨sser number defined as Λη = v
2
A,z/ηΩ (red lines), where vA,z is the Alfve´n speed in
the z-direction and η is the resistivity. Here the resistivity is assumed to be the Ohmic
resistivity only. The region below the line of Λη = 1 is MRI-inactive and therefore the
dead-zone. It is clearly shown that the dead-zone shrinks vertically in the case with the
jet X-ray. The stellar X-ray cannot penetrate deeply in the radial direction because of the
strong absorption by the dense gas near the central star, while the vertically injected X-ray
from the jet can deeply penetrate in the disk in spite of the weaker and softer emission.
This results in the shrinkage of the dead-zone.
Figure 5 compares the three cases with different djet. The color contour shows the ratio
of the ionization degree of case 1 (Top), case 2 (Middle), and case 3 (Bottom) to that of
the reference case. One will find a large increase of the ionization degree around the one
pressure scale height. A clear enhancement near the mid-plane is also seen in the cases 1
and 2. In the case 2 the dead-zone shrinks in both the radial and vertical directions. In this
case, the X-ray is injected more vertically than in the case 1, leading to the deeper X-ray
penetration in the disk at a large (>∼ 10 au) radius. The dead-zone size does not change
significantly in the case 3, because the larger distance makes the X-ray flux smaller than in
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the other cases. We note that the dead-zone of less than a few au does not change much in
all the three cases, and even with larger plasma beta (we checked up to 104).
5. Summary and Discussion
We presented a model of X-ray jets from young stellar objects, in which the disk
atmosphere is heated by magnetic reconnection and the jet is launched mainly by the
magneto-centrifugal force. Considering the energy balance between the heating and cooling
at the base of the jets, we obtained the scaling relations for the temperature and density at
the base, the mass loss rate, and the terminal velocity. We applied our “disk corona model”
to the X-ray jets of DG Tau, and found that this model can account for the observed
temperature and estimated mass loss rate.
Our model can explain the presence of the puzzling stationary, steady, soft X-ray
source at the jet base seen in the DG Tau jets (Gu¨del et al. 2008, 2011). In the disk corona
model, many small energy release events by magnetic reconnection heat the disk atmosphere
repeatedly, which can be interpreted as a stationary and quasi-steady heating at the current
spatial and temporal resolutions of observations. In addition, because the jet in our model is
originated not from the stellar magnetosphere but from the disk atmosphere, the temporal
behavior of the jet will be independent of the stellar flaring activity. This prediction is
consistent with the observations. The X-ray emitting component which could show a proper
motion may require different heating mechanisms such as shock heating. Our model may
account for the stationary X-ray source of L1551 IRS5 jet (HH154), although we should
note that the source we can observe is located at ∼100 au and the very footpoint of the jet
is not seen due to a strong absorption. As discussed in Section 3.1, magnetically heated
jets retain its high temperature even at more than 100 au if the jets have a sufficiently high
speed and do not experience a severe cooling. Considering this, we infer that L1551 IRS5
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jet may be an example of the magnetically heated jets.
We investigated the influence of the soft X-ray from jets on the dead-zone size in the
disk on the basis of the observational constraints. We found that the dead-zone size can be
significantly smaller when we include the jet X-ray source within the distance of ∼10 au
from the central star. In the disk corona model, the jet base will be the brightest region
because of its high density. The pressure scale height, which will be a good measure of the
scale of the jet base, is ≈ 1 au (T/3.4 MK)1/2(r/0.1 au)3/2. Therefore, the jet base will be
the most X-ray bright region, and can significantly affect the disk ionization degree because
it is close to the disk. For this reason, we consider that it will be important to include the
X-ray emission from jets as an additional ionization source in the disk models. The jet
X-ray may affect the influences of non-ideal MHD effects near the disk surface through the
ionization degree (e.g. Bai 2011), although the effect seems small within a few au.
Our model suggests that we can estimate the disk magnetic field strength from the jet
temperature. The magnetic field strength is an important quantity for determining the jet
launching mechanism and accretion rate in the disk, but in general it is difficult to directly
measure the field strength. Our model could provide a useful tool to estimate the field
strength in the inner disk from the jet temperature and the jet base radius.
It is possible that the temperature of X-ray jets exceeds the virial temperature at the
launching radius when the heating process is drastic and/or the hot plasma is confined in
magnetic loops. This is supported from the fact that the active stars retain (magnetically
heated) hot coronae with the temperature much larger than their virial temperature (e.g.
Gu¨del 2004). However, we should note that the heating process and magnetic confinement
depends on the detailed magnetic field configuration. For instance, near the inner edge of
the disk, the interaction between the stellar magnetosphere and the disk can lead to complex
magnetic and flow structures (Shu et al. 1994; Hayashi et al. 1996; Romanova et al. 2009),
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which makes it difficult to infer the jet structure in the proximity of the inner disk. A
detailed modeling of the dynamic atmospheric structure is required for drawing a definitive
conclusion.
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Fig. 1.— Magnetic reconnection between a rising magnetic loop and an ambient azimuthal
field. Current sheets are formed between them because of the steep change of the direction
of magnetic fields. The current sheets are promising site for magnetic reconnection. As a
result of magnetic reconnection, the magnetic field change its topology (red field lines are
reconnected lines).
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Fig. 2.— A schematic cartoon of the X-ray disk jet. (a) Global picture of the X-ray disk
jet model. (b) Enlarged picture of the central region. Many loops at the jet base denote
magnetic loops formed as a result of the Parker instability in the disk. They are heated up
by magnetic reconnection heating to form a hot disk corona. The X-ray jet emanates from
the hot corona.
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Fig. 3.— Magnetic field strength required to sustain the 1 MK corona (solid) and 3 MK
corona (dashed) as a function of radius.
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Fig. 4.— Ionization degree distribution of the model disk. Top: The X-ray source is the
stellar X-ray only. Bottom: The X-ray source is the combination of the stellar X-ray source
and the jet X-ray source which is assumed to be located at (r, z) = (0, 3 au). The ionization
degree is normalized by 10−13. The black lines indicate the one pressure scale height. The
yellow lines show the critical height of MRI for ideal MHD. The regions surrounded by the
red line are the dead-zone.
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Fig. 5.— Comparison of the ionization degree and the dead-zone size. Top: log10 χ1/χ0,
Middle: log10 χ2/χ0, and Bottom: log10 χ3/χ0, where χ0, χ1, χ2, and χ3 are the ionization
degree of the reference case (no jet X-ray), case 1 (jet X-ray source at 3 au), case 2 (at 10 au),
and case 3 (at 30 au), respectively. The black lines indicate the one pressure scale height.
The yellow lines show the critical height of MRI for ideal MHD. The regions surrounded by
the red line are the dead-zone. The dashed red lines are for the reference case.
